Low frequency oscillations observed in a modified PIG discharge were identified as fluctuations of the electron temperature. These oscillations only occurred under certain conditions (low gas pressure, relatively high magnetic field), whereas at high pressure and low magnetic field strength the plasma was remarkably stable; this is why the discharge is referred to as a "quiescent" PIG (Q-PIG) discharge. This paper describes measurements for obtaining a detailed picture of the two modes of the discharge. A qualitative explanation of the phenomena observed is obtained using the energy balance of the electron gas.
Introduction
The Penning (or PIG) discharge is subject to various kinds of instabilities. Both high frequency instabilities of the two-stream type 1 and low frequency drift instabilities 2 ' 3 have been found and investigated. This paper describes the experimental investigation of a Penning discharge with modified electrode geometry. This discharge differs as follows from other Penning discharges treated in the literature:
1. There exists a stable state with extremely low electron temperature. 2. The radial electric field is very small in spite of the high operating voltage. 3. There is an instability of very low frequency which disturbes the electron temperature, while the electron density remains constant in time 4 . By contrast, in most PIG discharges both the electron temperature and the radial electric field strength, and hence the azimuthal E xB drift of the charged particles, are more than ten times as high. The instabilities were identified as perturbations of the plasma density, the electron temperature being assumed to be constant. This paper describes in Sect. 2 the basic mechanism of a Penning discharge. In the next three Sec- tions (3 to 5) the modefied electrode geometry and the special properties of the so-called Q-PIG are discussed and some technical details are given. Sect. 6 is concerned with the measurements which have been performed in order to determine the temperature and density distributions in the periodically oscillating state. The conditions for the transition from this unstable state to the stable one are discussed in Sect. 7, whereas in Sect. 8 the axial extension of the temperature distribution is investigated. The next two sections describe two additional experiments; one of them is concerned with the external excitation of a temperature oscillation (9), the other deals with a particular method to measure the radial electric field (10). A qualitative explanation of the experimental results is presented in Sect. 11 and in Sect. 12 the Q-PIG discharge is compared with other discharges.
Mechanism of a Penning discharge
An electrode geometry frequently used for Penning discharges is shown in Fig. 1 . A similar model serves as the basis of, for example, the calculations of HÖH 8 . In stationary operation with cold cathodes the ions impinging on the cathodes result in the emission of secondary electrons which are accele-A 4+ I f 1 Fig. 1 . Electrode geometry of a conventional PIG discharge.
rated in the cathode fall region to energies of more than 100 eV. At sufficiently low neutral gas pressure -Penning discharges are frequently operated at pressures of 10 to 100 mTorr -the mean free paths are so long that fast electrons can advance to the opposite cathode almost without loss of energy.
Because of the symmetry of the electrode geometry the electrons oscillate back and forth between the two cathodes and are prevented by the magnetic field from escaping radially. By ionizing the neutral atoms the electrons trapped in this way produce a plasma which occupies the hatched region in Fig. 1 . The ions of this plasma move parallel to the magnetic field and reach the cathodes, where they are neutralized. The electrons, on the other hand, have to diffuse perpendicularly to the magnetic field in order to reach the anode, i. e. their transverse mobility is severely impaired. In a PIG discharge with the electrode geometry of Fig. 1 a radial electric field of several V/cm builts up which forces the electrons to move towards the anode. At the same time this field together with the axial magnetic field causes an E x B drift of the charged particles in the azimuthal direction which sets the whole plasma in rotation relative to the neutral gas at rest. As a result of the different interaction of the electrons and ions with the neutral gas, any density fluctuation will produce local charge separation. The resulting space charge field is directed in such a way that the plasma is driven radially outwards. HOH 8 and SiMON 9 have shown that this situation will lead to instability if the radial electric field and hence the rotational velocity of the charged particles is sufficiently high. In general, the low frequency instabilities observed in many Penning discharge can readily be explained in terms of this mechanism.
9 A. SIMON, Phys. Fluids 6, 382 [1963] .
Modified Penning discharge
In order to avoid the instability just described, the electrode geometry of Fig. 2 was chosen. In such a geometry the electric field is essentially concentrated in the cathode region, whereas the actual plasma is almost free of electric fields. This was confirmed by measurements. However, the discharge mechanism is still the same as in conventional Penning discharges because a direct discharge between a cathode o - and its anode is not possible owing to the smallness of the gap («1 mm) and the low gas pressure (p«30 mTorr). This geometry was used for a stationary helium discharge the parameters of which varied within the following ranges: p= 20... 100 mTorr, B= 200 ... 600 gauss, Ub = 500 ... 1000 V, ne= 10 12 ... 10 13 cm" 3 , id = 100 ... 1000 mA, Te = 1500 ... 12 000 °K;
here Ub is the operating voltage and the discharge current, the other symbols having their usual meaning.
The Special Properties of the Modified Penning discharge
At high pressure (pss60 mTorr) and low magnetic field (Z?~300 gauss) the plasma looks very quiescent and stable. This impression is also confirmed by the oscillograms of the discharge current, operating voltage, and floating potential of electrostatic probes. The electron density was measured with microwaves and Langmuir probes, and the electron temperature was determined from the currentvoltage characteristic of a Langmuir probe. Both parameters were measured as a function of the radius; for the density this yielded a function decreasing monotonically outwards, similar to a zeroth order Bessel function, while the temperature was practically independent of the radius, but extremely low (approx. 2000 °K). Because of its similarity to alkali plasmas (stability, low temperature) the modified Penning discharge is referred to as Q-PIG (Q = quiescent, PIG = Philips ionization gauge). If the pressure is lowered, the properties of the discharge change appreciably. The floating potential of the probe is now no longer constant in time, but exhibits periodic fluctuations with a frequency of about 1 kHz; similar fluctuations are also observed in the discharge current and in most of the other parameters. The change from the stable state (A) to the periodically oscillating state (B) occurs suddenly at a certain pressure; it can also be induced by increasing the magnetic field at constant pressure. If the magnetic field is increased or the pressure reduced even more, the discharge assumes a highly turbulent state (C). An irregularly flickering luminosity and incoherent high and low frequency fluctuations of the probe potential are observed. Since no reliable experimental results could be expected in this "chaotically unstable" state, only the states A and B were investigated. One of the main purposes of this investigation was to find the cause of the unusually coherent and reproducible signals in state B.
Some Technical Details of the Q-PIG discharge
The arrangement of the cathode system is shown in Fig. 3 . The actual cathode is a molybdenum disc welded into a stainless steel support ring. The support is mounted on an aluminium block which can be cooled with water. An aluminium case for holding the anode is slipped over the whole cathode block (see Fig. 4 ). The anode itself is an aluminium ring 10 mm thick with an inner (anode) diameter of 50 mm. Anode ring and cathode disc are separated by a gap of 1 mm only.
Two such systems are incorporated in a vacuum vessel consisting of three parts (Fig. 4) . In the centre there is an aluminium ring with four side ports through which probes, microwave antennae and the like can be admitted; one of these apertures was usually used for connecting the pumping system. Two glass tubes with an inner diameter of 102 mm form vacuum tight connections on each side of the central ring. The ends of these tubes also form vacuum tight connections with the electrode systems. The total length of the vessel is approximately 80 cm, the distance between the cathodes approximately 50 cm.
Experimental Investigation of the Q-PIG Plasma
The most important plasma parameters, density and electron temperature, were measured in the stable state (A) first. The details will be dispensed with here in favour of the more interesting measurements in state B. (For a detailed account of all measurements see 10 . In this state Langmuir probes showed periodic fluctuations of the ion saturation current but in the beginning it was not known, whether the plasma density or the electron temperature or perhaps both quantities were fluctuating. For largely negative probe potentials we have:
where i+ is the ion saturation current, n is the ion density and Te is the electron temperature. In most instabilities the density is disturbed, while the electron temperature remains constant in time. In this case the fluctuations in the ion saturation current are a measure of the fluctuations in density. In order to check whether the assumption of constant electron temperature is in fact satisfied, the temperature was measured first at a fixed point as a function of time. The method used is illustrated in Fig. 5 . The probe is kept at a negative potential of In state B we therefore obtain a signal that is proportional to the periodic fluctuations of the probe current. Furthermore, in the lead to the probe there is a pulse generator for producing triangular voltage pulses with variable amplitude between 0 V and 60 V. The rise and fall times of the pulse can be set independently between 3 //sec and 10 msec, while the pulse repitition rate can be chosen arbitrarily by means of an external trigger signal. In the time resolved temperature measurements in state B the trigger signal was derived from the periodic fluctuations of the probe signal which were fed to the 10 F. KLAN, Lab.-Ber. IPP 3/92 [1969] .
upper trace of the oscilloscope. In addition, the special time base of the oscilloscope used allowed an arbitrary time delay of the voltage pulse at the probe with respect to the original signal of the probe current. The second trace of the oscilloscope was now used to record the current voltage characteristic of the probe. Here the horizontal deflection of the trace was controlled by the probe voltage, the vertical deflection by the probe current. It was thus possible to record the probe current on one and the same screen both as a function of time and, at a fixed time, as a function of the probe voltage; a typical oscillogram is shown in Fig. 6 . Here the time taken to traverse the part of the characteristic essential for determin- ing the temperature, viz. the exponential part of the characteristic, was scarcely more than 10 //sec, as careful investigations have shown. This time is, however, so short relative to the characteristic time of the fluctuations of the probe current (approx. 200 //sec) that the method described may be regarded as "quasi-stationary". The characteristics, photographed with a Polaroid camera, were evaluated like stationary probe characteristics, and so practically instantaneous values of the electron temperature are obtained at any desired instant of time depending on the time delay of the trigger signal. A typical example for the evaluation of such a probe characteristic in the periodically oscillating state (B) is shown in Fig. 7 .
The result of these temperature measurements over a period of the probe current signals was extremely surprising. It was found that there were highly pronounced fluctuations of the electron temperature with the same frequency and phase as those of the probe current and floating potential. The relationship between electron temperature and floating potential is shown in Fig. 8 , where the circles are f Ts (t), Uf (t) [V] -T/2 the temperatures measured at the various times, while the solid curve represents the floating potential normalized so that Ufmax~" Ut min just equals
It is immediately obvious that the experimental points practically coincide with the normalized floating potential, i. e. the floating potential is a measure of the electron temperature. This well-known fact (cf., for example n ) was now used to measure the time fluctuations of the electron temperature at various points in the plasma in a much more simple way. The direct method described above was used to "calibrate" the floating potential in units of temperature: At each radius the temperature in the maximum and minimum was determined from the probe characteristic; the intermediate values were then simply taken from the normalized floating potential curve.
Comparison of the probe signals at various radii shows that the frequency is almost independent of the position of the probe. This means that the time dependent electron temperature measured at each 11 J. C. HOSEA, J. Appl. Phys. 37, 2695 Phys. 37, [1966 . point can be transferred into one and the same coordinate system rotating with that frequency. This then gives an electron temperature distribution as a function of the radius and a polar angel <p, which is plotted in Fig. 9 . Here the closed curves represent -90
•180 is also reversed. The rotational frequency depends only slightly on the gas pressure; it decreases with increasing magnetic field, but increases with rising discharge current (Fig. 10) .
A very similar picture is obtained if the ion saturation current is transferred to a polar diagram (Fig. 11) . •180 yielded an almost rotational symmetric electron density distribution as shown in Fig. 12 . The condition under which all of these measurements were made were as follows: helium gas pressure 26 mTorr, discharge current 100 mA, mean electron density 1.3 X 10 12 cm -3 , magnetic field 400 gauss.
Experimental Determination of the

Instability Boundary
Whether the stable state ( path of 0.8 cm, the plasma remains stable; the same is true below a magnetic field of 200 gauss. This is indicated in the figure by a horizontal and a vertical "asymptotic" line. The relation between X and B is discussed qualitatively in a later section; a quantitative comparison with the theory is made in a further paper.
Investigation of the Axial Structure of the Electron Temperature Distribution
The measurements that yielded the transverse distributions in Fig. 9 , 11, and 12 were made in the midplane of the discharge. The extent of these phenomena in the axial direction was investigated with two axially displaced probes (Fig. 14) . The probes Rj and P2, mounted on a shaft 20 cm apart, could both the shifted axially and swept through the plasma, thereby covering a large part of the plasma volume. A comparison was made of the oscillograms of the floating potential of the two probes at various radii and in various z positions. The oscillograms were almost identical in all cases, as the typical example in Fig. 15 shows. From this it is concluded that the distributions measured in the centre extend almost unchanged to the cathodes and that there is no spiralling. 
Behaviour of a Temperature Perturbation in the Stable Plasma
The experiments described so far have shown that an anomalous, rotating temperature distribution sets in if the pressure or magnetic field exceeds a certain limit. It therefore seemed interesting to introduce from outside a small temperature disturbance of similar structure before this limit is reached, i. e. still in the stable state, and investigate its behaviour. For this purpose the following experiment was carried out: A small coaxial probe was placed at a point in the plasma at which the amplitude of the temperature fluctuations usually has a maximum (i. e. at r » 20 mm). The probe was connected by a coaxial cable to a microwave generator (frequency 1.7 to 4.1 GHz) which could be controlled with pulses of arbitrary length and frequency. The electrons could thus be brought locally for short times to temperatures up to 30% above the equilibrium temperature. Both the spatial concentration and the magnitude of the temperature rise were measured with a second probe; the region of elevated temperature extended perpendicularly to the magnetic field for about 1 cm, while the magnitude of the temperature rise was limited to values below 10% by reducing the microwave power. ment is presented in Fig. 17 . The upper trace in each oscillogram shows the fluctuations of the floating potential of one of the probes LP that are caused by a short microwave pulse (lower trace). The frequency of the damped oscillation (/ ~ 1 kHz) is practically equal to that of the temperature fluctuations in state B; the direction of rotation of the temperature perturbation is also in agreement, as comparison between the signals from LPj and LP2 showed. The lower the gas pressure (i. e. the longer the mean free path) the less damped are the signals. If the pressure drops below a certain limit, the oscillations are undamped. In this case the local heating can be switched off without the oscillations disappearing. If the pressure is further decreased, the amplitude rises quickly and state B is reached. It was possible in this way to induce low amplitude temperature fluctuations that behave very much like the spontaneous, non-linear temperature fluctuations in state B. This result is important for the theoretical investigation of the instability since it justifies a linear approximation which will be used in a following theoretical treatment. 
Measurement of the Radial Electric Field in the Q-PIG Plasma
Because of the electrode geometry of a PIG discharge one can expect an electric field directed towards the axis. Together with the axial magnetic field this field causes a drift in the azimuthal direction that is of great importance in interpreting the experimental results. Some effort was therefore expended in measuring this quantity. Direct measurement of the azimuthal velocity from the Doppler shift of spectral lines (see 10 ) failed because the resolution of the spectroscope turned out to be too low. Determination of the field strength from the potential distribution proved to be very erroneous; at best the potential measurements allow the direction of the electric field to be determined. The poor reproducibility of these measurements is apparently due to surface effects on the probes that result in slow changes of the floating potential. A rotating double probe was therefore used. Its basic design is shown in Fig. 18 . The probe could be shifted through the plasma so that any radius in the plasma could be reached. By uniformly rotating the probe about its axis with a frequency of 2 Hz it was possible to eliminate the disturbing influence of the surface effects almost completely. Fig. 18 . Scetch of the rotating double probe.
The amplitude of the a. c. voltage picked up from two sliding contacts remained constant for long periods. The maximum field strength measured at, for example, r ~ 20 mm (where the temperature maximum usually occurred) was 0.14 V/cm. At 5 = 400 gauss this corresponds to a rotational frequency of 2.8 kHz.
If the field strength is to be determined from the difference between the floating potentials of two probes, one has to assume that the temperature is constant in space and time. This measurement was therefore only possible in the stable state. Comparison, however, between the behaviour of an externally introduced temperature perturbation with the spontaneous temperature fluctuation occurring in state B shows that the two states A and B are not basically different from one another. In particular, the mechanism that causes the rotation of the temperature distribution is most likely the same in both cases, as can be deduced from theoretical considerations. It is therefore assumed that the actual value of the electric field strength in state B does not deviate essentially from that in state A.
Qualitative Interpretation of the Experimental Results
The experiments have shown that the states A and B of the Q-PIG plasma differ mainly with respect to the electron temperature distribution perpendicular to the magnetic field. It was also found that the plasma rotates in the same direction and with approximately the same frequency as the region of elevated temperature in state A or the anomalous temperature distribution in state B. Essentially two questions have thus to be answered, namely what causes the anomalous temperature distribution in state B and why does it move in the direction of the ExB drift? In the present paper, which is concerned mainly with the experimental material, only a few basic aspects are dealt with; a more detailed discussion is reserved for the theoretical paper being in preparation.
One important experimental result was the extremely low electron temperature. Even in the maximum of the temperature distribution (see Fig. 9 ) the energy of the electrons is still far from sufficient for ionizing neutral helium atoms. For this reason alone there must therefore be a second electron group of much higher energy. It can be shown that these fast electrons are capable not only of ensuring the necessary formation of new charge carriers, but also of heating the slow electrons 10 . Furthermore, it was estimated that this heating mechanism exceeds other possible mechanism such as ohmic heating by more than an order of magnitude.
Since the thermal energy of the "cold" electrons is not sufficient either for exciting neutral helium atoms, practically only elastic collision of electrons with ions and neutral particles take place. The energy thereby transferred to the heavy particles per cm 3 and sec thus represents the only energy loss of the electrons. The temperature of the cold electrons is therefore essentially governed by the equilibrium between the heating by the fast electron group and the cooling by elastic collisions with the heavy particles. The energy balance in this case can be formulated as follows:
where H denotes the energy transferred by the fast electrons to the cold electrons per cm 3 and sec, the ratio of electron to ion mass, n the plasma density, vei and ven the collision frequencies for elastic collisions between the cold electrons and ions or neutral particles, k Boltzmann's constant, and Te and T[ the temperatures of the electrons and ions. In addition, we set (temperture of neutral gas) for simplicity. The heating rate H is independent of Te since the energy of the fast electrons is practically always large compared with the thermal energy of the cold electrons (see also 10 ). However, owing to the temperature dependence of the collision frequencies, the right hand side of Eq. (2) depends on the electron temperature in very different ways, depending on which collisions predominate. For low temperatures and high densities (Te = 2000 °K, n = 10 12 cm -3 ) vei is of the order of 10 8 sec -1 , while for a neutral gas pressure of 30 mTorr ven is only of the order of 10 7 sec -1 . Therefore, in the Q-PIG plasma collisions between electrons and ions should be highly predominant in state A, i. e. owing to Te ^> 7"i the right hand side of Eq. (2) should essentially be proportional to Te' 1 ' 1 . In this state, however, the electron temperature is unstable in principle for, because of the temperature independence of H, every increase of Te leads to less cooling and hence to excessive energy input, i. e. to a further increase in temperature. Let us now consider the development of a local increase in electron temperature. Along the magnetic field lines this perturbation can spread out easily until uniformity is reached. We therefore confine ourselves to the energy balance perpendicular to the magnetic field. If we take into account a transverse heat flux, qe, the energy equation has to be extended by the divergence of this heat flux, Vqe:
3) The term Vflfe is proportional to (ve; + ren ) T 2 and inversely proportional to B 2 (for v/cOg^l). The right hand side of Eq. (3) thus depends on two parameters in addition to Te, viz. the ratio of the collision frequencies vei/ven and the magnetic field. These, however, are the very parameters that were varied for determining the point of transition between the states A and B (see Fig. 13 ) because at constant temperature and density one has ve-Jven °c/ oc 1/p. The curve of the experimental points can in fact be explained qualitatively in terms of Eq. (3) : For very high neutral gas pressure (A small) the stabilizing effect of the electron-neutral collisions predominate in the first term of Eq. (3) so that the second term becomes superfluous and the magnetic field has no influence. If, on the other hand, the electronion collisions predominate at low neutral gas pressure, a local rise in temperature may possibly be prevented by means of the thermal conduction perpendicular to the magnetic field, and so in a certain pressure range the transition points depend on the magnetic field as well. If, finally, the ratio vei/ven is very large, it depends almost solely on the thermal conduction, i. e. on the magnetic field, whether any temperature perturbation present can be destroyed quickly enough, in accordance with the observation that at low pressure the transition then depends only on the magnetic field and scarcely on the pressure any more. This simple discussion can qualitatively explain the experimental points in Fig. 13 .
It remains the question of the motion of the temperature perturbation. At the first glance one might think of a drift wave like propagation of this perturbation in the electron gas. On the other hand, it may also be localized in the electron gas and simply caught up in the rotation of the plasma. The accuracy with which the radial electric field was measured is not sufficient to determine the state of motion of the temperature perturbation from the experimental observations alone. The experimental results do not disagree, however, with the assumption of a quasi-stationary temperature distribution fixed in the electron gas, an assumption that is largely confirmed by the theory.
Comparison of the Q-PIG Discharge with other Discharges
There are several types of discharges that are comparable with the Q-PIG discharge in various respects. The alkali plasmas already mentioned work at low electron temperatures and the drift instabilities are somewhat reminiscent of the instability occurring in the Q-PIG discharge, but that is where the similarity ends. For one thing, the plasma production mechanism is basically different and, for another, the electron and ion temperatures in Q-machines are in general equal. Nevertheless, temperature instabilities may possibly occur in alkali plasmas as well under certain conditions, e. g. when the ion temperature is artificially reduced by adding rare gas (see BLAU et al. 12 ).
It is true that the presence of electron groups of various energies is especially characteristic of PIG discharges, but they have also been observed in other discharges. ScHLUETER 13 , for example, found two electron groups in a RF discharge in hydrogen, one group of high energy and low density, another of low energy and high density. The temperature of the latter was about 0.2 eV, similar to that of the cold electrons in the Q-PIG.
Another type of discharge with two different electron groups is the negative glow discharge. A special form of this discharge involving a brush-shaped cathode was developed by PERSSON In none of the discharges described were instabilities observed in which the electron temperature is disturbed. The drift instabilities occurring in alkali plasmas were identified as density fluctuations and therefore differ in character from the instability in the Q-PIG. There is no mention of instabilities in the other papers quoted; but there was evidently no intention of looking for any.
A good number of papers on PIG discharges (see references cited in 10 ) deal with low frequency instabilities in particular. Most authors describe them as density fluctuations without, however, proving that the electron temperature thereby remains constant. Apparently they all assume that the electron temperature is constant, particularly in the two theoretical papers again quoted here under 8 and 9 . Only in very few cases is it suggested that the electron temperature may also fluctuate, e. g. by BINGHAM et al. 16 . It was recently demonstrated by that the electron temperature in a PIG discharge can fluctuate periodically; the paper, however, is concerned mainly with the method of measurement itself and gives no indication of the cause of the observed phenomenon.
Summary
In a PIG discharge w T ith modified electrode geometry (Q-PIG) low frequency oscillations («1 kHz) were observed and identified as fluctuations of the electron temperature. The oscillations only occurred under certain conditions (low gas pressure, relatively high magnetic field), while the plasma was ex-tremely stable at high pressure and low magnetic field. Near the boundary between the stable and unstable states it was possible to induce similar oscillations of the electron temperature in the stable state as well. A qualitative interpretation of the observed phenomena is obtained from the energy balance of the electron gas, taking into account the thermal conduction perpendicular to the magnetic field. Allowance should be made, moreover, for the fact that the entire plasma rotates in the E x B direction. This model allows the behaviour of the plasma to be explained qualitatively. Finally the Q-PIG discharge is compared with both conventional PIG discharges and various other types of discharges.
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I. Einführung
In einer früheren Veröffentlichung 1 ist über das Auftreten von Rayleigh- Taylor 
